Pulmonary surfactant is a complex mixture of lipids and proteins, of which surfactant protein A (SPA) is the most abundant glycoprotein. The SPA molecule has several distinct structural features that indude a lectin-like domain, sharing structural features with other mammalian lectins. We have tested the hypothesis that lectin activity of the SPA molecule is required for the binding to its receptor on the surface of alveolar Type II cells. By using colloidal gold immunocgtochemistry in conjunction with electron microscopy, we evaluated the ability of mannosylated proteins to inhibit canine SPA binding to rat Type I1 cells in vitro. After pre-' Supported by a grant from the National Institutes of Health HL 40987 (REM). incubation of SPA with the mannosylated protein horseradish peroxidase (HRP), SPA was incubated with isolated filter-grown Type I1 cells. HRP did not alter the binding of SPA to the Type II cell surface. Evidence that SPA did bind to HRP was shown by coincident observation of gold-labeled SPA and HRP precipitates. These results provide visual evidence that the lectin activity associated with SPA is not required for its binding to receptor on rat alveolar Type I1 epithelial cells. ( J Histochem Cytochem 40:643-649, 1992) KEY " :
Introduction
Pulmonary surfactant is a complex mixture of proteins, carbohydrates, and lipids. Surfactant forms a monomolecular film on the luminal surface of the alveoli and dramatically reduces the surface tension between air and the lung during inspiration and expiration (13) . Proteins comprise about 10% of the mass of pulmonary surfactant, while the remainder is phospholipids, predominantly phosphatidylcholine and phosphatidylglycerol. Pulmonary surfactant is synthesized by alveolar Type I1 epithelial cells. We have demonstrated previously that SP-A binds to Type I1 cells in a specific and saturable manner. After binding, the SP-A is internalized by receptor-mediated endocytosis (25) . The SP-A molecule has also been shown to be a potent inhibitor of phospholipid secretion by Type I1 cells in vitro (4, 21) . Furthermore, the ability of SP-A to inhibit phospholipid secretion and its cell surface binding appears to be closely linked (15, 16) . This indicates that the interaction of SP-A with Type I1 cells may play a role in the regulation of phospholipid homeostasis.
The major surfactant glycoprotein, SP-A, has a molecular mass of 28,000-35,000 daltons. Structurally, the SPA molecule has several distinct polypeptide domains with potential biological significance. These include a collagen-like domain (the N H 3 terminus), an amphipathic region, and a lectin-like domain (the COOterminus) (1). A similar molecular motif has been shown for the complement protein Clq and the mannose binding protein from liver ( 5 ) . SP-A has been found to bind carbohydrates in a calciumbinding manner (8) . Recently, the interaction of SP-A with macrophages has been shown to be mannose dependent (17JO). The purpose of this study was to evaluate the role of the lectin activity of the SP-A molecule in the binding to alveolar Type I1 cells.
Materials and Methods
Isolation and Culture of Type I1 Cells. Pathogen-free male Sprague-Dawley rats (200-250 g) were obtained from Charles River (Wilmington, MA). TVpe I1 cells were isolated from rat lungs by the method of Dobbs et al. (3) , as modified by Rice and Singleton (23) . Rats were maintained under sterile-guard hooded cages and allowed food and water ad libitum before the experiment. Rats were anesthetized with sodium pentobarbital and lungs perfused via the pulmonary artery with 125 mM NaCI, were then lavaged and incubated with 40 ml of the same buffer containing elastase (0.4 Wml) for 20 min at 37°C. Tissue was minced and filtered through progressively smaller-meshed nylon gauze and washed. Cells were then re-suspended in Dulbecco's modified Eagle's medium (DMEM) (Gibco;
Grand Island, NY). To remove alveolar macrophages, cells were incubated on plastic petri dishes that had been pre-coated with IgG (500 pglml) for 3 hr at room temperature. After an additional 1-hr incubation at 37'C in 5% COzlair, the plates were gently agitated and decanted and the unattached cells removed and collected by centrifugation. Isolated cells were re-suspended in DMEM containing 10% fetal calf serum and placed in 12- mm Millicell-HA filters (Millipore Products Division; Bedford, MA) housed in 24-well plastic dishes (Falcon #3047; Becton Dickinson, Lincoln Park, NJ). Samples were cultivated at 37'C in 5% CO2 for 20 hr.
Purification of SPA. Canine SP-A was purified from alveolar wash of adult dogs by the method described by Ross et al. (24) . Briefly, surfactant was obtained by differential centrifugation and dilipidated with etherlethanol. Proteins were resolubilized in 6 M guanidine-HCI and dialyzed in 4 M urea. SP-A was purified by preparative isoelectric focusing and analyzed by SDS-polyacrylamide gel electrophoresis. SP-A-containing fractions were pooled, dialyzed against 0.3 M ammonium bicarbonate, and lyophilized. The protein samples were applied to a Cibacron blue-Sepharose CL6B column. Fractions containing SP-A were collected and pooled as described (24) .
Antiserum to Canine SPA. Goat anti-canine SP-A antiserum was raised by repeated injection of purified canine SP-A in Freund's complete adjuvant. Serum was fractionated with 30% ammonium sulfate to concentrate the antibody. The antiserum detected glycosylated and unglycosylated forms of SP-A by Western blot analysis of canine surfactant and was not reactive with canine serum or rat SP-A (25) .
Pre-treatment of SPA. Twenty pg of canine SP-A (5.71 x 10.' M) were incubated with 1 ml of HRP at 5.14 mglml (1.14 x M), i.e., 200 molar excess, at 4°C for 18 hr in the presence of calcium (1.67 mM). Similarly, 20 pg of SP-A in 1 ml were pre-incubated with 1 ml of bovine serum albumin (BSA) adjusted to 7.75 mglml (1.14 x Preparation of Protein A-Gold. Gold probes used throughout this study were prepared by adsorbing protein A (Sigma, St Louis, MO; Cat #P-6650) onto 5-nm gold sols prepared by the reduction of gold chloride with white phosphorous-saturated ether (9) . Before adsorption the protein A had been dialyzed against multiple changes of 5 mM phosphate buffer, pH 6.8. Similarly, the pH of the gold sols was adjusted to 6.8, and the amount of protein required to stabilize the gold was determined by the titration method (18) . Typically, it took 2 ml of protein A at 1 mg/ml to stabilize 100 ml of gold sols. After addition of the protein to the gold, the solution was allowed to stir vigorously for 30 min at 23'C. Subsequently, sufficient 1% polyethylene glycol (MW 220,000) was added to effect a final concentration of 0.2 mglml. The colloidal solution was then incubated at 4" C for 72 hr with occasional agitation. The colloids were collected by centrifugation at 18,000 x g for 3 hr at 4'C. The soft pellets were re-suspended to one half their original volume in 5 mM Po4 buffer, pH 6.8, and diluted to their original volume with 100 mM Tris-maleate buffer, pH 6.8, containing 300 mM NaCl and PEG at 0.2 mglml. The resultant suspension was filter-sterilized and stored at 4% until needed.
Immunocytochemistry. Rat alveolar Type I1 cells were grown on filters for 20 hr at 37°C. Before initiation of experimentation the cells were cooled to 4'C for 20 min. The filter-grown cells were subsequently incubated with various concentrations of SP-A, ranging from 1 Mlml to 10 pg/ml, that had been pre-incubated with either HRP or BSA. After a 30-min incubation at 4'C, the cells were washed three times with either cold HBSSlBSA (BSA at 3 mg/ml) or HBSSlHRP (HPR at 2 mglml). Goat anti-canine SP-A (diluted 1:15 in either HBSSIBSA or HBSSIHRP) was added for 30 min at 4'C, after which the cells were washed three times with cold HBSS. The M) at 4°C for 18 hr. cells were fixed for 30 min at 4'C with HBSS containing 4.0% paraformaldehyde and 1.5% glutaraldehyde. To block unreacted aldehyde groups, the cells were washed three times with HBSS containing 0.1 M lysine, followed by three washes with HBSS containing ovalbumin (OVA) at 2 mg/ml; Sigma; Grade V; Cat #A5503). Affinity-purified rabbit anti-goat IgG (Kirkegaard & Perry Laboratories, Gaithersburg, MD; Cat #01-13-06) was added at a concentration of 50 pglml and incubated at 4'C for 30 min. Cells were subsequently washed three times with cold HBSSIOVA, incubated for 60 min at 4'C with protein A-Au5 (diluted 1:lO in HBSSIOVA), and washed three times with cold HBSS/OVA. Control preparations included the following: (a) a sample in which SP-A had been omitted (ligand control); (b) a sample in which the primary antibody had been omitted (primary antibody control); and (c) a sample in which only protein A-Au5 had been added (marker control).
Localization of sites that had bound HRP was done by the method of Graham and Karnovsky (7) . Briefly, fixed samples were washed three times in 50 mM Tris buffer, pH 7.4, containing 7.5% sucrose and incubated for 20 min at 23°C in the same buffer containing diaminobenzidine (0.5 mglml) and 0.01% H202. After three washes with Trislsucrose buffer, the cells were washed three times with cold 0.1 M sodium cacodylate buffer, pH 7.4, containing 7.5% sucrose (SCB), and processed for electron microscopy as described later.
Biotinyl-Concanadin A Binding to Rat Type II Cells. Filter-grown Type I1 epithelial cells were washed three times with HBSSlBSA for 2 hr at 37'C. This was done to exhaust any endogenous biotin (19) . The samples were subsequently washed three times with cold HBSS. Samples were next incubated with 0.5 ml of various concentrations of biotinyl-ConA (Sigma; Cat #L0767) for 30 min at 4°C. The B-ConA concentrations ranged from 1 pglml to 10 pg/ml diluted in HBSS. After three washes with cold HBSSIBSA, samples were incubated in HBSSlBSA containing streptavidin-gold colloids (5 nm) (18) for 30 min at 4°C. Samples were then processed for electron microscopy as described below.
Fixation, Staining, Dehydration, and Embedding. Samples were fixed for 30 min at 4°C in SCB containing 4.0% paraformaldehyde and 2.5% glutaraldehyde. After three washes with cold SCB, all samples were postfixed for 1 hr at 4'C with SCB containing 1% 0~0 4 .
To enhance contrast, the post-fixative was reduced with 1.5% potassium ferrocyanide just before use (12) . After post-fixation all samples were washed three times with cold SCB, followed by three washes at 23'C with doubly-distilled Hz0. Dehydration was begun by a 5-min incubation of all filters, still within their casings, in 35% ethanol, 5 min in 50% ethanol, and 5 min in 70% ethanol. All samples were then stained en bloc for 10 min at 23°C in 0.5% uranyl acetate in 70% ethanol. After three washes with 70% ethanol, followed by three washes with absolute ethanol, samples were infiltrated in Eponate 12 (Ted Pella; Tustin, CA) (Eponate, 12-24 ml; DDSA, 12 ml; NMA, 14 ml): absolute ethanol mixtures of 1:1 and 3:l (resin:absolute ethanol). These incubations were done for 90 min in circular, flat-embedding molds (SPI Supplies; West Chester, PA) with the filters still in their casings. All s a mples were next incubated overnight in resin (minus accelerator). During the overnight incubation, the filters usually separated from their casings. Occasionally one would have to be assisted with a scalpel. The resin was removed with a Pasteur pipette and the filters were allowed to sit for 30 min. after which fresh resin with accelerator (2% DMP-30; i.e., 9.8 ml of resin plus 0.2 ml accelerator) was added. Samples were then incubated at 23°C for 8 hr, incubated at 45'C overnight, and hardened at 65°C for 72 hr.
After polymerization the circular blocks were trimmed to expose the filter areas and ultra-thin sections (pale gold in color) were cut perpendicular to the filter with a diamond knife (Diatome-US; Ft Washington, PA), using a Reichert Ultracut E ultramicrotome (A0 Spenser; Buffalo, NY).
Sections were picked up on 300-mesh copper grids and viewed, unstained, in a JEOL lOOCX I1 electron microscope operating at 80 kV.
Scoring of Sections. Randomly selected areas of both control and experimental samples were photographed at ~27,000. The length of membrane (in mm) for each Type I1 epithelial cell was determined by direct measurement of the electron micrographs using a Planix 5000 planimeter (Tmaya Technics; Tokyo, Japan). This value was multiplied by lo3 to yield the length of the plasma membrane in micrometers This value was divided by the magnification of the electron micrograph to yield the actual length in micrometers. This number was multiplied by 0.080 pm (section thickness in pm determined by interference colors, i.e., pale-gold sections) to give the actual surface area in pm squared (pm'). The reciprocal of this number times the number of gold particles visualized gives the number of gold particles per square micrometer (Aulw'). This value was used to compare various samples to one another.
Electrophoresis of SPA. Canine SP-A (20 pg) was pre-incubated with HRP (10-100 pg) for 18 hr at 37'C in Tris buffer (0.1 M. pH 7.4)containing CaCI2 (5 mM). Electrophoresis was subsequently carried out in a 6% nondenaturing polyacrylamide gel at 100-150 V (constant voltage) for 4 hr (15) (Buffer System A). The proteins were subsequently transferred electropho-1 2 3 4 5 retically to nitrocellulose. The nitrocellulose sheet was incubated in Blotto buffer (Tris-NaCI. anti-foam A, non-fat dry milk, pH 7.4) to block nonspecific binding (10) and reacted with polyclonal rabbit anti-canine SP-A (500 pll50 ml). followed by washing and reaction with horseradish peroxidase-conjugated rabbit anti-goat IgG. The proteins bound by the antibody were visualized by the addition of Blotto buffer containing 4 chloronaphthol and H202.
Results

Binding of Horseradish Peroxidase by SPA
To demonstrate that SP-A could bind the mannosvlated protein HRP, 20-pg samples of SP-A were incubated with increasing concentrations of HRP. Concentrations of HRP ranged from 10-100 pg. After an 18-hr incubation at 37°C in the presence of calcium chloride ( 5 mM), the mixtures were analyzed by gel electrophoresis under non-denaturing conditions. Under such conditions SP-A exists in various oligomeric forms (24.28) . The increase in molecular mass of the lowest molecular weight species of SP-A as a function of increasing peroxidase concentration ( Figure 1 ) suggested that major surfactant protein bound HRP. Because the interaction was analyzed under non-denaturing conditions we were unable to evaluate, with confidence, the interaction of HRP with the higher oligometric species of SP-A. -
Expression of Mannose Residues on the Surface of Rut Type II Epithelial Cells
The carboxy terminus of the SP-A molecule is the lectin-like domain that shares a structural motif with other proteins having an affinity for mannose residues (5.20) . Therefore, to see if Type I1 cells have a potential mannosylated binding site for SP-A, we examined their ability to bind the lectin concanavalin A (ConA). Rat Type I1 cells were incubated with biotinyl-ConA (B-ConA) for 30 min at 4°C. The samples were washed and incubated with 5-nm streptavidin-gold colloids and were processed for electron microscopy by standard techniques. The results presented in Table 1 show that B-ConA bound to rat Type I1 cells grown in vitro, demonstrating the expression of mannose sites on the cell surface.
Role of the Lectin Activity of the SPA Molecule in Its Binding to Rat Alueolur Type II Cells
The experiments described in this report were designed to evaluate the contribution of the lectin activity of the SP-A molecule to its binding to Type I1 cells. The first objective of this investigation was to quantitate the binding of the major surfactant protein, SP-A, by rat Type I1 epithelial cells grown on membrane filters. Accordingly, concentrations of SP-A ranging from 10 pg/ml to 100 pg/ml were incubated with rat Type I1 cells in the cold for 30 min. washed, and the SP-A was localized by an indirect immunogold technique. In three separate experiments, saturation of binding occurred between 10-100 nglml (data not shown).
To evaluate the contribution of the lectin activity of the SP-A molecule in the binding by rat Type I1 epithelial cells, SP-A was incubated with a 200-fold excess of a mannosylated protein, HRP, for 18 hr at 4'C in the presence of calcium before the initiation of the experiment. HRP was chosen as the mannosylated protein because nanogram quantities can be visualized at the ultrastructural level (7) . Data presented in Table 2 show that pre-treatment of SP-A with HRP did not alter binding of the SP-A by rat Type I1 epithelial cells. Proof that HRP was bound to SP-A was shown morphologically.
Figures 2-4 are representative electron micrographs of Type I1 cells incubated with SP-A that had been pre-treated with HRP. Note that in several instances the location of SP-A (identified by gold grains) is coincident with an electron-dense precipitate indicative of HRP. Interestingly, not all SP-A sites visualized were coincident with HRP precipitate. In five different experiments the number of coincident sites ranged from 25-50%. Prior experiments by us (data not shown) and others (14, 29) showed no endogenous peroxidase activity in rat Type I1 cells. In addition, data presented by Straus (27) showed that the only lung cells that bind HRP are alveolar macrophages. These observations suggest that rat Type I1 epithelial cells do not have cell surface receptors for mannose. Control samples in which SP-A was pre-incubated with a 200-fold excess of bovine serum albumin (BSA; a non-glycosylated protein) failed to show any coincident gold-precipitate sitings (Figures 5 and 6 ). Taken together, these results demonstrate that SP-A can bind mannosylated proteins and that binding of HRP by SP-A does not inhibit the binding of SP-A by Type I1 epithelial cells. We next evaluated the ability of surface-bound SP-A to bind HRP. SP-A was incubated with filter-grown Type I1 epithelial cells for 30 min at 4°C. After three washes with cold HBSS, fresh HBSS containing HRP (at 2 mg/ml) was added for 30 min at 4°C after which samples were processed as described in Materials and Methods. In three separate experiments (data not shown) no coincident localization of gold and precipitate was noted.
Discussion
We have previously reported that rat Type I1 cells grown in tissue culture bind and internalize the major surfactant protein, SP-A, by receptor-mediated endocytosis (25) . Our initial observation recently has been corroborated by others (11) . One goal of our laboratory is to evaluate the roles of the various structural domains of the SP-A molecule in its interaction with Type I1 cells. Structurally, the SP-A molecule has several distinct domains. These include a collagen-like domain (the amino terminus), an amphipathic region, and a lectin-like domain (the carboxy terminus) (1) . The lectinlike domain has an asparagine-linked carbohydrate group containing mannose. On the basis of these structural features, the binding of SP-A by Type I1 epithelial cells could result from any of the following: (a) the lectin-like domain of the SP-A molecule may recognize mannose residues on the surface of Type I1 epithelial cells; (b) the Type I1 epithelial cells may have receptors for mannosylated glycoproteins; or (c) the Type I1 cell receptor recognizes an undetermined region of the SP-A molecule.
To assay for the expression of mannose residues, filter-grown rat Type I1 epithelial cells were incubated with various concentrations of ConA. Concanavalin A is a lectin with high affinity for mannose (6) . Results presented in Eble 1 demonstrate that rat Type I1 epithelial cells did bind ConA, suggesting the presence of mannose residues on the cell surface. In addition, others have demonstrated that both ConA and SP-A are potent inhibitors of phospholipid secretion (15, 21, 23) . The inhibitory effect of ConA phospholipid secretion was reversed in the presence of a-methyl mannoside. The inhibitory effect of SP-A on phospholipid secretion, however, was not affected by the presence of these mannose reagents (15) . Further, Kuroki et al. (15) demonstrated that ConA does not block the high-affinity binding of SP-A to its receptor. The ability of SP-A to act as a lectin with an affinity for mannose ligands does not appear to be an absolute requirement for either surface binding activity or inhibition of phospholipid secretion.
Recently, Wintergerst et al. (30) have shown that the lectin activity of the SP-A molecule is required for opsonization. These investigators followed the interaction between recombinant human SP-A adsorbed onto 17-nm gold sols and human macrophages at the ultrastructural level. They showed that SP-A-gold particles bind to human macrophages, are internalized via coated pits, and are routed to secondary lysosomes. This process is inhibited by mannosylated BSA but not by galactosyl BSA; therefore, the interaction of SP-A with human macrophages is mannose dependent. Similar observations were reported by Manz-Keinke et al. (17) . This group evaluated the interaction of various-sized gold sols stabilized with recombinant human SP-A and isolated rat alveolar macrophages. In addition to demonstrating the mannose-dependent binding of the various SP-A-gold colloids, they showed that the interaction is not due to a mannose-specific receptor on the cell surface of the macrophages.
We report here that prior incubation of SP-A with mannosylated proteins does not inhibit the subsequent binding of SP-A by rat Type I1 epithelial cells. In our initial experiments we used ovalbumin (OVA) as a mannosylated protein (26) and asked if OVA could inhibit the binding of SP-A to rat Type I1 cells. Pre-incubation of SP-A with a 200-fold excess of OVA failed to inhibit SP-A binding by rat Type I1 epithelial cells (data not shown). This observation suggested to us that the lectin activity of the SP-A molecule was not required for binding to Type I1 cells.
In a second series of experiments we corroborated and extended the above observations using HRP as the mannosylated protein (2) . HRP was selected as the protein of choice because, in addition to being about the same molecular mass as OVA, it is easily visualized at the ultrastructural level by virtue of an electron-dense precipitate formed by a histochemical technique (7) . Using this approach we were able to show that pre-incubation of SP-A with a 200-fold excess of HRP did not inhibit SP-A binding by rat Type I1 epithelial cells (Table 2 ). Furthermore, co-localization of 5-nm gold-labeled SP-A and HRP reaction protein (see Figures 2-4 ) demonstrated that SP-A had bound HRP.
In view of the fact that others have used mannose-Sepharose 6B columns for the final step in the isolation of SP-A (15, 16) , our observation that SP-A bound the mannosylated protein HRP was not unexpected. It was interesting, however, that not all SP-A-gold sitings had HRP precipitate associated with them. There was some variation from experiment to experiment, but usually only one quarter to one half the sitings were coincident. This could result if (a) not all the SP-A is lectin competent, (b) the amount of HRP bound is below the detection level, or (c) the reaction protein is not in the plane of sectioning. As suggested by the electrophoretic data ( Figure I ), perhaps only the lowest molecular weight species is lectin competent.
Finally, we evaluated the ability of SP-A that was already bound to Type I1 cells to interact with HRP. The results of these experiments indicate that, once bound to Type I1 cells, SP-A is no longer able to bind mannosylated proteins. This observation could be satisfied by either of two conditions. One, the lectin-like domain is bound to surface mannose sites. That Type I1 cells have such sites is borne out by observations of other investigators (15, 22) and by our ConA binding data (Table 1 ). Two, the interaction of the SP-A with its receptor could induce a conformational change in the lectinlike domain, resulting in loss of lectin activity. At present we cannot discriminate between these two possibilities.
In summary, we have shown that the SP-A molecule can bind mannosylated proteins, e.g., HRP. However, prior incubation with HRP does not block binding of SP-A to Type I1 alveolar cells. We also have shown that mannose residues are expressed on the surface of Type I1 cells. The mannose residues on the cell surface could serve to bring the SP-A molecule into close proximity to the Type I1 cell surface/SP-A receptor. Alternately, it could be postulated that the Type I1 cell has surface receptors for mannose. Our observation that free HRP is not bound by Type I1 cells argues against this possibility. Furthermore, Kuroki et al. (15) showed that the deglycosylation of the SP-A molecule did not prevent its binding to Type I1 cells. In conclusion, our data suggest that the lectin activity of the SP-A molecule is not required for, but may participate in, the binding to rat Type I1 alveolar cells.
